Introduction
The plant sap-feeding insects in the Auchenorrhyncha (Hemiptera: Suborder) maintain some of the most ancient bacterial symbioses known. The suborder arose more than 270 million years ago (MYA) along with the diversification of vascular land plants (Shcherbakov, 2002) . Species in the Auchenorrhyncha broadly specialize on phloem and xylem plant-saps for food, despite the fact that these diets are nutritionally depauperate in the 10 essential amino acids (EAAs) and other nutrients (Douglas, 1993; Sandström and Moran, 1999) . To overcome these nutritional limitations, hosts generally with at least two bacteria, 'Candidatus Sulcia muelleri' (Bacteroidetes: hereafter Sulcia) and a diversity of co-primary symbionts (Douglas, 1993; Moran and Baumann, 2000; Baumann, 2005) . These bacteria are generally restricted to specialized host organs (bacteriomes) and transmitted transovarially between generations (Buchner, 1965) . As a result, they have genomes streamlined for the syntheses of nutritional metabolites required by the symbiosis (Moran and Bennett, 2014; Douglas, 2016) . Symbionts further experience strong genetic drift, resulting in dramatic genome reduction and loss of essential functions that renders them mutually dependent on their hosts (Moran, 1996; Wernegreen, 2017) .
Sulcia may have allied with the Auchenorrhyncha since the origin of the suborder (Moran et al., 2005) . It still occurs in the main Auchenorrhyncha lineages, including the Cicadomorpha (cicadas, spittlebugs and leafhoppers) and Fulgoroidea (planthoppers; Moran et al., 2005) . The Cicadomorpha and Fulgoroidea likely split early in the diversification of the Auchenorrhyncha (~250 MYA; Shcherbakov, 2002; Szwedo et al., 2004) . Although no genomic examples currently exist for a planthopper symbiosis, comparative analyses of Sulcia genomes from the Cicadomorpha reveal that it plays a central role in the symbiosis, provisioning 7 or 8 of the 10 EAAs required by its hosts (Wu et al., 2006; McCutcheon and Moran, 2010; Bennett and Moran, 2013; Koga and Moran, 2014; Chang et al., 2015) . Its partner symbionts synthesize the remaining EAAs. For example, in the Membracoidea (leafhoppers and treehoppers) and Cercopoidea (spittlebugs), 'Ca. Nasuia spp.' and 'Ca. Zinderia insecticola' (Betaproteobacteria) provide the missing two or three EAAs respectively McCutcheon and Moran, 2010; Mao et al., 2017) . This nutritional arrangement is highly conserved, even when Sulcia's partners have been occasionally replaced in the cicadas, sharpshooter leafhoppers, and spittlebugs (Wu et al., 2006; Koga and Moran, 2014; McCutcheon and Moran, 2007; McCutcheon et al., 2009) . It remains unknown if the symbionts of the planthoppers exhibit the same nutritional complementation.
Sulcia may have been paired with a betaproteobacterium since early in its association with the Auchenorrhyncha. This bacterial lineage may still be present in several host lineages, although with different names: Zinderia, Nasuia and 'Ca. Vidania fulgoroideae' in the planthoppers (McCutcheon and Moran, 2010; Bennett and Moran, 2013; Gonella et al., 2011; Michalik et al., 2018) . Phylogenetic evidence, and a shared alternate genetic recoding (Stop ! Tryptophan [Trp] ), strongly suggest that Nasuia and Zinderia share a common ancestor . Whether Vidania is derived from this lineage is unclear, since no genomes are available to more robustly test this hypothesis.
In some Auchenorrhyncha species, Sulcia and its partner are joined by additional symbionts (Buchner, 2009) . To date, the occurrence of three obligate symbiotic bacteria have been investigated with molecular tools in only a handful of systems. Examples include a Sodalis-like (SL) symbiont (Gammaproteobacteria) in Aphrophoridae spittlebugs and 'Ca. Purcelliella pentastirinorum' (Gammaproteobacteria) and several others among the planthoppers (Gonella et al., 2011; Urban and Cryan, 2012; Bressan et al., 2009; Bressan and Mulligan, 2013; Koga et al., 2013) . In the former example, the SL-symbiont replaced Zinderia in some host species and its genome exhibits signatures of recent genomic streamlining and decay Koga and Moran, 2014) . Other spittlebug hosts appear to retain Sulcia and Zinderia in addition to the SL-symbiont, suggesting that either the replacement process is incomplete, or that a stable symbiosis established . In contrast, Purcelliella in the planthoppers is relatively widespread across several genera in the Cixiidae family suggesting that it is a fixed member of its hosts' microbiome (Gonella et al., 2011; Urban and Cryan, 2012) . This raises the possibility that these three symbionts have co-evolved differentially distributed and integrated symbiotic responsibilities within the planthopper.
To better understand the symbiotic roles and origins of Sulcia, Vidania and Purcelliella, we sequenced their complete genomes from a Hawaiian planthopper, Oliarus filicicola (Cixiidae: OLIH). Previous work verified that these three bacteria are obligately intracellular, with each sequestered to distinct bacteriome organs (Buchner, 2009; Gonella et al., 2011; Bressan et al., 2009; Bressan and Mulligan, 2013; Michalik et al., 2018) . Our results reveal that Sulcia may have allied with Vidania since the origin of the Auchenorrhyncha. However, the nutritional responsibilities of three symbionts are rearranged relative to Cicadomorpha systems, suggesting that the planthopper symbiosis took a distinct evolutionary route to meet its nutritional needs.
Results
'Ca. Vidania fulgoroideae' synthesizes seven essential amino acids Vidania-OLIH (NCBI CP028360) has a circular genome of 136 kb (average read coverage [avg. cov.] = 97×), with an 18.2% G + C composition and 99.8% coding density (Fig. 1) . Its genome encodes 154 predicted proteincoding genes, one ribosomal cassette, and 26 tRNAs (Supporting Information Table S1 ). Unlike the other Betaproteobacteria symbionts in the Auchenorrhyncha, Vidania-OLIH does not use an alternative genetic code (Stop ! Trp) and it still encodes the associated prfB release factor. Aside from expanded EAA gene sets, Vidania-OLIH retains only a few unique genes compared with Nasuia-ALF and Zinderia-CARI, including transcription (rlmE) and transcription termination factors (rho and prfB) (Fig. 2) . Vidania-OLIH has uniquely lost the genes associated with the synthesis of the cysteine (e.g., cysGHI) and riboflavin (ribCE). It is also missing additional genes involved in oxidative phosphorylation energy synthesis (cytochrome oxidase [cyoABDE] and NADH dehydrogenase [NuoABCD]), transcription and translation (rluD and rpsAFU), and aminoacyl-tRNA genes (pheT and valS).
Vidania-OLIH retains the capability to synthesize seven EAAs: methionine, histidine, tryptophan, threonine, lysine, arginine and phenylalanine (Fig. 1) . In general these pathways are relatively complete; however, the phenylalanine pathway is missing the penultimate step (pheA) and an identifiable transaminase (tyrB, ilvE or aspC). We predict that the host is able to complete the pathway as has been proposed in the plant-sap feeding Sternorrhyncha (Hemiptera: Suborder) via the eukaryotic aspartate aminotransferase gene (AAT; EC 2.6.1.1; Hansen and Moran, 2011; Sloan et al., 2014) . To identify if this gene is also present in O. filicicola genome, we blasted our contig library against the Nilaparvata lugens planthopper genome (Delphacidae; Xue et al., 2014) . NCBI-BlastN searches and reassembly of the Illumina data recovered a partial (~2 kb) AAT gene with a close match to N. lugens genome (e-value = 7 −40 and 9 −34 , respectively; Xue et al., 2014) . We were unable to assemble the complete AAT gene with our short Illumina reads, because the N. lugens ortholog spans greater than 11 kb with seven intronic regions. Finally, Vidania-OLIH's methionine synthesis pathway retains only the genes capable of carrying out the final two catabolic steps (metCE; Fig. 1 ). In order to synthesize methionine, Vidania requires three essential metabolites: cystathionine, sulfide and cysteine. It is lacking the cysteine pathway, which is often retained in the other Auchenorrhyncha symbionts responsible for methionine synthesis and that may provide cysteine and sulfide (McCutcheon et al., 2009; McCutcheon and Moran, 2010; Bennett and Moran, 2013) . Notably, Purcelliella-OLIH retains a full cysteine pathway and may provide the associated metabolites to the symbiosis (discussed below). In contrast, the host may provide cystathionine, which is typically synthesized from cysteine by metB in bacteria (Figge, 2006) . Recent gene expression experiments in other Hemipteran symbioses suggest that cystathionine is synthesized by a eukaryotic cystathionine gamma-lyase (CGL; EC 4.4.1.10; see Hansen and Husnik et al., 2013; Sloan et al., 2014) . We were able to recover six O. filicicola contigs that match two paralogs of the CGL gene in the N. lugens genome (e-value = 1 −12 -2 −24 ). Similarly to the AST gene, both CGL copies contain large introns hindering full assembly of these genes.
'Ca. Sulcia muelleri' synthesizes only the three branchedchain amino acids
The circular Sulcia-OLIH genome (NCBI CP028359) is 157 kb (avg. cov. = 52×), with a 24.9% G + C composition and 94.1% coding density ( Fig. 1 ). It encodes 152 predicted protein-coding genes, one rRNA cassette and 29 tRNAs (Supporting Information Table S1 ). Aside from a large chromosomal inversion (~78 kb in length), gene order is conserved between Sulcia-OLIH and the other Cicadomorpha-associated lineages (Fig. 3 ). Sulcia-OLIH is the smallest Sulcia strain yet sequenced and has lost approximately 40 kb (38 genes) compared with Sulcia from Deltocephalinae leafhoppers (Bennett et al., 2016a; Chang et al., 2015; Bennett and Moran, 2013) . Gene losses are widespread among functional categories, including all energy synthesis genes (e.g., atpABCDEFGH, gapA and sucAB), transcription and translation (rpsT, rpmE, rsmI and trmH), protein transport and degradation (secAY and lepB), and various essential intermediate metabolites such as pyruvate and succinyl-CoA (korAB and sucABCD) (Fig. 2) . Finally, Sulcia-OLIH retains only a handful of unique genes compared with Sulcia-ALF and -CARI that include thioredoxin reductase (trxB) involved in oxidative stress signalling, translation and ribosome associated genes (hflX and rsmAH), and tRNA modification proteins (queA and tsaBD) (Arnér and Holmgren, 2000; Zhang et al., 2015) .
The largest difference in functional content between Sulcia-OLIH and all other Sulcia lineages are the losses of four EAA synthesis pathways (arginine, tryptophan, phenylalanine and threonine; Fig. 1 ). Sulcia-OLIH only retains the genes capable of synthesizing the three branched-chain EAAs (BCA): leucine, valine and isoleucine. While these pathways are relatively complete, Sulcia-OLIH has lost some genes and metabolisms essential for complete BCA synthesis. For example, threonine deaminase (ilvA) is missing, which degrades threonine into 2-oxobutanoate during the initial step of isoleucine synthesis (Chen et al., 2013) . It is possible that the host uses CGL as well (see above) to produce 2-oxobutanoate, as has been suggested to occur in the symbioses of aphids and mealybugs (Poliakov et al., 2011; Husnik et al., 2013; Douglas, 2016) .
'Ca. Purcelliella pentastirinorum' synthesizes B vitamins and cysteine
The complete circular genome for Purcelliella-OLIH (NCBI CP028374) is 480 kb in size (avg. cov. = 73×), with a 21.2% G + C composition and 89.1% coding density ( Fig. 1) . Purcelliella-OLIH encodes 430 predicted protein-coding genes, one rRNA cassette with 5S occurring in a different part of the genome, and 31 tRNAs (Supporting Information Table S1 ). It further retains several identifiable genes that are fragmented by internal stop codons (ansP, nadK, bioACDF, tatAB, coaE and pgpA). This suggests that these genes have been recently lost or inactivated in the Purcelliella-OLIH genome, possibly as a result of its more recent origin (see section on 'Discussion').
Purcelliella-OLIH encodes many genes and pathways suggestive of a more recent acquisition ( Fig. 2 ; McCutcheon and Moran and Bennett, 2014) . These genes include energy synthesis (oxidative phosphorylation and the TCA cycle), iron-sulfur clusters involved in protein synthesis (sufACDES), cell envelope phospholipid and wall synthesis (acc, bam, fab, mur and omp gene sets), and nucleotide synthesis (e.g., guaAB, nrdAB, purAB and pyrEFGH). Purcelliella also has relatively complete information replication, transcription and translation gene sets, including genes involved in DNA recombination and repair (mutHLS and recBCD) and a complete set of aminoacyl-tRNA synthetases. Finally, it retains gene sets involved in metabolite and protein transport (secAEGY and potABCD) that are uncommon among Auchenorrhyncha symbionts.
Purcelliella-OLIH does not directly synthesize any EAAs. It retains some capabilities to synthesize several B vitamins and cysteine (Fig. 1) . Aside from riboflavin, Purcelliella's vitamin synthesis pathways are largely incomplete. The biotin and folate pathways both retain only the full-length gene capable of carrying out the final catabolic step. The pyridoxine pathway has only two intermediate enzymes with uncertain roles. Finally, Purcelliella-OLIH maintains the complete cysteine synthesis pathway. We predict that this pathway is retained to provide metabolites required by Vidania for methionine synthesis (see section on 'Discussion').
Phylogenomics
In order to determine the origins of Vidania-OLIH and Purcelliella-OLIH, we used a likelihood-based phylogenomic approach. After alignment curation, we assembled two gene matrices: Gammaproteobacteria, 169 taxa and 61 genes (15,454 sites); and Betaproteobacteria, 130 taxa and 30 genes (7438 sites; Supporting Information Table S2 ). For the Betaproteobacteria, initial tree reconstructions with Maximum Likelihood (ML) produced a highly supported clade that included the Auchenorrhyncha associated lineages with 'Ca. Tremblaya' and 'Ca. Proftella' from scale insects and psyllids (bootstrap [BS] = 80-100; Supporting Information Data File S1), which is likely a Long Branch Attraction (LBA) artefact (see section on 'Experimental procedures'). Bayesian reconstructions run for greater than 60 million generations failed to reconstruct a fully resolved tree despite reaching full parameter convergence ( Fig. 4 ; Supporting Information Data File S2). Each symbiont clade emerges from a mid-level polytomy. Nevertheless, the Auchenorrhyncha betaproteobacterial symbionts form a highly supported monophyletic group that is separate from Tremblaya + Proftella clade (Posterior probability [PP] = 1). Zinderia is placed basal, which is in conflict with our current understanding of Auchenorrhyncha relationships (see Cryan and Urban, 2011) ; however, Bayesian support is relatively weak (PP = 0.95) and taxon sampling is limited. For the Gammaproteobacteria, ML and Bayesian reconstructions gave largely similar topologies ( Fig. 4 ; Supporting Information Data Files S3-4). We note that although the two Bayesian chains were run for greater than 30 million generations, they did not converge on a global topology (maxdiff = 1); however, all other chain parameters did (effsize > 200, rel_diff < 0.3). Furthermore, the relationships between insect symbionts are similar between individual chains, suggesting topological convergence within these clades, but instability in other areas of the tree. All tree searches place Purcelliella-OLIH in a clade with several other insect symbionts (e.g., Buchnera-pea aphids) sister to Pantoea and Erwinia bacteria ( Fig. 4 ; BS = 81; PP = 1). Other bacterial symbionts (e.g., Baumannia-leafhoppers) are placed in a Sodalis clade (PP = 1). Although it is possible that these results also suffer from LBA, they are consistent with several previous symbiont phylogenomic efforts that used the same approaches, but with different datasets (Husnik et al., 2011; Szabó et al., 2017; Weglarz et al., 2018) .
Discussion
Two outstanding questions in the evolution of bacterial symbioses in the Auchenorrhyncha are (i) whether symbionts in the Fulgoroidea and the Cicadomorpha superfamilies share symbionts and (ii) whether these symbionts perform the same roles. However, until now, genomic examples of the bacterial symbionts from the planthoppers have remained unavailable. Sulcia established in the common ancestor of the Auchenorrhyncha and it may have had a partner since early in its association with the suborder (Moran et al., 2005) . Our results provide additional evidence that Sulcia's original partner may have been an ancestral Betaproteobacteria whose descendants -Nasuia, Zinderia and Vidania -are still found in several of the major auchenorrhynchan lineages. In the Cixiidae planthoppers, Sulcia and Vidania are joined by a third bacterium, Purcelliella. This symbiont is found throughout multiple host genera and sequestered to its own bacteriome, suggesting a stably fixed symbiosis (Urban and Cryan, 2012; Bressan and Mulligan, 2013) . The genomes of these symbionts reveal that a complex jigsaw of all three partners achieves a complete nutritional symbiosis.
Collaborative synthesis of essential nutrients in a quadripartite symbiosis
The nutritional responsibilities of the bacterial symbionts in the planthoppers are rearranged relative to the Cicadomorpha. In general, cicadomorphan Sulcia lineages retain the capabilities to synthesize seven to eight EAAs, suggesting that it plays a central role in maintaining stable symbioses throughout the group (Wu et al., 2006; McCutcheon and Moran, 2010; Bennett and Moran, 2013; Koga and Moran, 2014) . Host reliance on Sulcia's partner symbionts is far more flexible, as they are often replaced and always converge on the same complimentary roles of providing two to three EAAs Sudakaran et al., 2017) . In the cixiid planthoppers, these nutritional roles are flipped. Sulcia-OLIH's role is greatly reduced, as it is capable of synthesizing only the three BCAs. All known Sulcia lineages synthesize the BCAs, suggesting that this may be the minimally conserved role for the bacterium (McCutcheon and Moran, 2010; Bennett and Moran, 2013) . In contrast, Vidania-OLIH is the major contributor of nutrition, synthesizing the remaining seven EAAs. Like the other bacterial partners of Sulcia, Vidania-OLIH provides methionine and histidine; however, its nutrition synthesis profile has expanded to include tryptophan (a shared feature with Zinderia-CARI) and arginine, phenylalanine, lysine and threonine that Sulcia provides throughout the Cicadomorpha. Given the highly conserved roles symbionts generally exhibit in the Cicadomorpha (Moran and Bennett, 2014; Douglas, 2016) , we predict that the nutritional responsibilities of Sulcia-and Vidania-OLIH are widespread throughout the planthoppers.
Purcelliella-OLIH's primary nutritional role appears to be the synthesis of B vitamins and also the semi-essential amino acid, cysteine. Aside from riboflavin, the biotin, folate and pyridoxine pathways are incomplete. Biotin and folate pathways do retain the final catabolic enzymes capable of producing a vitamin. It is currently unclear how these pathways are completed, while retention of terminal enzymes suggests that the symbiont can provide certain vitamins. It is possible that some metabolites are acquired exogenously from the host's plant-sap diets (Douglas, 2017) . In some cases, the host appears to contribute missing enzymes. For example, in the Tremblaya-Moranella-mealybug symbiosis, biotin synthesis is likely supported by host genes acquired via ancient horizontal gene transfers from Rickettsiales (Alphaproteobacteria) (Husnik et al., 2013) . Similarly, the whitefly highly expresses genes of bacterial and eukaryotic origin that can supplement the synthesis of biotin by the nutritional symbiont, Hamiltonella defensa (Gammaproteobacteria) (Luan et al., 2015 ). Whether or not this level of complementation occurs in the cixiid planthopper is currently unknown.
The EAA synthesis pathways of Sulcia-and Vidania-OLIH point to extensive collaboration with the host. Both bacteria are missing important genes to complete their EAA pathways. For example, Sulcia-OLIH is missing the gene responsible for the first catabolic step in the isoleucine synthesis pathway (ilvA). Similarly, Vidania-OLIH requires support for the synthesis of methionine (cystathionine synthesized by the missing metAB genes) and phenylalanine (the pathway's missing terminal steps). We hypothesize that the host provides direct support of these pathways. These same genes have been frequently lost from several symbionts in the plant-sap feeding Sternorrhyncha and there is evidence that host eukaryotic genes fill these gaps (Hansen and Moran, 2011; Husnik et al., 2013; Sloan et al., 2014; Luan et al., 2015) . Gene expression analyses in Buchnera-pea aphids, Tremblaya-Moranella-citrus mealybugs and Carsonella-hackberry psyllids symbiont systems suggest that the host uses cystathionine gamma-lyase (CGL) and aspartate aminotransferase (AAT) to complete missing steps in methionine and phenylalanine synthesis respectively (Hansen and Moran, 2011; Husnik et al., 2013; Sloan et al., 2014) . A eukaryotic CGL gene is also thought to provide support of missing ilvA genes -similarly to the gene missing in Sulcia-OLIH -in mealybugs and aphids (Poliakov et al., 2011; Husnik et al., 2013) . We were able to identify fragments of these orthologs among the O. filicicola scaffolds, suggesting that this host may also use these genes to compliment bacterial EAA pathways. Intriguingly, fragments blast to two copies of CGL that could perform distinct functions such as facilitating EAA synthesis in the two symbionts.
The O. filicicola bacterial symbionts further appear to exchange metabolites required for EAA synthesis. In particular, Vidania-OLIH requires several sulfur-based metabolites (cysteine and sulfide) to complete methionine synthesis. This is a unique loss for an auchenorrhynchan symbiont, as those that make methionine typically retain a partial cysteine pathway capable of furnishing these metabolites (Wu et al., 2006; McCutcheon and Moran, 2010; Bennett and Moran, 2013) . Remarkably, despite the fact that Purcelliella-OLIH is auxotrophic for all other amino acid products, it retains a complete cysteine pathway that can provide Vidania-OLIH with the required metabolites. It is notable that the bacteriomes housing Vidania-OLIH are wrapped around those that contain Purcelliella-OLIH, possibly facilitating direct metabolite exchange between tissues (Bressan et al., 2009; Bressan and Mulligan, 2013) .
The trafficking of metabolites (e.g., homoserine and chorismate) between Cicadomorpha symbionts has been proposed previously between Sulcia and its co-primary symbionts in which the bacteriomes are often physically nested Moran, 2007, 2010) . In the Cicadomorpha systems, Sulcia is predicted to provide its co-primary symbionts with homoserine derived from the threonine pathway for methionine synthesis (Wu et al., 2006; McCutcheon and Moran 2010; Bennett and Moran 2013) . In contrast, Vidania-OLIH retains both of these EAA pathways and does not appear to require intermediate metabolites from Sulcia-OLIH. It may instead provide threonine-based metabolites to complete Sulcia-OLIH's partially incomplete isoleucine pathway. Sulcia lineages in the Cicadomorpha are predicted to use threonine as a precursor for isoleucine synthesis, which it no longer retains in the OLIH planthopper (McCutcheon and Moran, 2010) .
Origins and evolution of the ancient Auchenorrhyncha symbionts
Sulcia is an ancient symbiont that established in the common ancestor of the Auchenorrhyncha and persists among its major lineages (Moran et al., 2005) . In the Cicadomorpha, the roles of Sulcia and its various coprimary symbionts are surprisingly stable, despite tens to hundreds of millions of years of divergence and even the occasional replacement (Wu et al., 2006; McCutcheon et al., 2009; Koga and Moran, 2014) . Sulcia in the Cicadomorpha is also known for its strikingly low rates of molecular evolution and highly conserved genome architecture (McCutcheon et al., 2009; Bennett et al., 2016b) . Remarkably, despite greater than 250 MY of divergence and its largely diminished nutritional role, Sulcia-OLIH in the planthoppers still exhibits conservation of gene order as found across the Cicadomorpha-associated lineages. Because we currently have only a single Sulcia genome from planthoppers, it is not possible to robustly test whether this symbiont lineage also exhibits depressed rates of molecular evolution. Nevertheless, the highly conserved nature of Sulcia's genome throughout the Auchenorrhyncha indicates that it became a fixed obligate symbiont long before the suborder began to diversify. The fact that Sulcia lineages have ubiquitously lost the ability to synthesize methionine and histidine, suggests that it is an ancestral loss that occurred early in the symbiosis. In order to provide a complete set of EAAs, Sulcia may have acquired a partner shortly after it established in the suborder.
Recent phylogenetic analyses suggest that the original partner of Sulcia is a Betaproteobacteria ancestor whose descendants can still be found in the major Auchenorrhyncha lineages (Urban and Cryan, 2012; Koga et al., 2013; Mao et al., 2017) . Our results provide additional support for this hypothesis by including Vidania within a clade of Betaproteobacteria symbionts associated with the suborder. However, we note that this hypothesis is still somewhat speculative. Vidania-OLIH does not appear to use an alternate genetic code (Stop ! Trp), which was used as an additional character for inferring a common origin for Nasuia and Zinderia-CARI (McCutcheon and Moran, 2010; Bennett and Moran, 2013; Mao et al., 2017) . It is possible that the Betaproteobacteria lineage in the Cicadomorpha uniquely lost the prfB gene and that an altered genetic code is an apomorphic trait for this lineage. Moreover, only four lineages (Zinderia-CARI, Deltocephalinae Nasuia, Nasuia-ENCA, and Vidania-OLIH) are currently available of the 10,000's of species that harbour a betaproteobacterium to test hypotheses of origin. This sampling bias, along with extreme genome reduction and A + T nucleotide biase, leaves phylogenetic reconstruction prone to phylogenetic error. It is notable that our approach, which used methods to ameliorate these issues, was capable of separating 'Ca. Tremblaya spp.' from the betaproteobacterial symbionts of the Auchenorrhyncha (ML analysis failed to do this). Tremblaya is found within the distantly related scale insects; some lineages also exhibit highly reduced genomes (Lopez-Madrigal et al., 2011; McCutcheon and von Dohlen, 2011; Szabó et al., 2017) . However, several Tremblaya species have higher genome-wide percent G + C content (42%-62%), which may have aided in resolving phylogenetic relationships in our Bayesian approaches (Husnik and McCutcheon 2016) . Nevertheless, RAxML was incapable of separating these lineages (see section on 'Results'). Scale insects are further unlikely to share the same symbionts as the Auchenorrhyncha.
Finally, our phylogenetic and genomic results indicate that Purcelliella is related to the Pantoea-Erwinia group, which contains widespread environmental bacteria, plant pathogens, and species known to infect insects (Walterson and Stavrinides, 2015) . This is a highly plausible origin for Purcelliella, as early planthoppers likely came into frequent contact with these bacteria and they may have already had host-associated traits prior to establishment as an obligate symbiont. We note that this result may also be prone to phylogenetic artefacts (see section on 'Discussion' above). However, the approaches we implemented have also been used to infer the relationships of other Gammaproteobacteria-insect symbiont frameworks. These studies independently recovered similar results, but with different datasets (Husnik et al., 2011; Szabó et al., 2017; Weglarz et al., 2018) .
Several lines of evidence indicate that Purcelliella is a relatively recent addition to its hosts' obligate microbiome. First, it is not widely found throughout the Fulgoroidea (Müller, 1949; Buchner, 2009; Urban and Cryan, 2012) . Second, Purcelliella appears to perform a support role for the synthesis of EAAs by its partners. This result suggests that as it was integrated into the symbiosis, Purcelliella evolved to prop-up the existing, and degrading, nutritional pathways of its bacterial partners. Third, it has a comparatively large genome similar to those observed in younger Auchenorrhyncha symbionts (e.g., Baumannia in sharpshooters [545-700 kb] and SL symbiont in spittlebugs [1.38 mb]; Wu et al., 2006; Koga and Moran, 2014; Bennett et al., 2016b) . Nevertheless, Purcelliella's genome is at an advanced stage of degeneration, lacking mobile elements and repeat regions that proliferate among more recently acquired symbiotic bacteria (Koga and Moran, 2014; Oakeson et al., 2014) .
Conclusion
Insect-bacterial nutritional symbioses in the Auchenorrhyncha are diverse, ancient and of varying complexity. As such, they are becoming well-studied models of how dependent host-microbe symbioses co-evolve (Hansen and Moran, 2014; Bennett and Moran, 2015; Wernegreen, 2015; Douglas, 2016) . However, genomic examples with which to fully understand the patterns of coevolution in this group have been limited to a sub-set of relatively closely related host lineages from the Cicadomorpha. The Auchenorrhyncha are far more diverse and are represented by an ancient divergence that also gave rise to the planthoppers. This group harbours equally complex symbioses that evolved in parallel to the Cicadomorpha (Cryan and Urban, 2011) , but that has heretofore remain unstudied in a genomic framework. Our results show that symbioses in the planthoppers have wandered down a distinct evolutionary path, revealing alternative outcomes and redistributions of symbiotic roles. The mechanisms that may drive fundamental differences in nutritional responsibilities between the Cicadomorpha and planthoppers are currently unclear. Nevertheless, it is possible that the jigsaw of nutritional contributions was largely shaped by genetic drift as the random corruption and loss of some nutritional pathways in a particular symbiont forced complementation in another. Several recent studies have highlighted the underlying role of drift in driving lineage specific gene losses and in shaping the co-evolution of host-symbiont interactions (Boscaro et al., 2017; Campbell et al., 2017; Sabater-Muñoz et al., 2017) . Thus, as the genomes of the early bacterial symbionts in Auchenorrhyncha began to unravel, stochastic gene losses and partner complementation may have caused the bacterial symbionts to spiral down their own pathways. (Andrews, 2010; Bolger et al., 2014) .
Experimental procedures

Genomic assembly, annotation and host loci identification
Genomes were assembled with metaSPades v10 (settings: kmer 127, only-assemble, meta; Nurk et al., 2017) . Bacterial contigs were identified by GC content and average coverage, and verified with NCBI-BlastP searches of genes predicted with Glimmer3 (Delcher et al., 2007) . For Purcelliella, the circular chromosome was completely assembled during the initial pass. Vidania and Sulcia, however, were broken into two and five scaffolds respectively. Gaps were bridged by aligning reads to scaffold ends with Bowtie2 (settings: local; Langmead and Salzberg, 2012), re-assembly into contigs and contig merging in Geneious v9.1.8 (Kearse et al., 2012) . To verify assembly accuracy (e.g., no coverage breaks), total reads were mapped to the complete bacterial chromosomes with Bowtie2 (settings: end-to-end, very-sensitive). A final NCBIBlastN search found no bacterial plasmids. These sequence data have been submitted to the NCBI GenBank database under accession numbers CP028359, CP028360, CP028374 (see section on 'Results').
Finished circular genomes were initially annotated with RAST v2 (Aziz et al., 2008) . Glimmer3 was used to verify symbionts' genetic codes and to adjust open reading frames (Delcher et al., 2007) . tRNA predictions were also verified with tRNAscan-SE v2.0 (Lowe and Chan, 2016) . Sulcia and Vidania genomes were compared against those from the Macrosteles quadrilineatus leafhopper (Sulcia-ALF + Nasuia-ALF) and Clastoptera arizonana spittlebug (Sulcia-CARI + Zinderia-CARI) (McCutcheon and Moran, 2010; Bennett and Moran, 2013) .
Finally, complete assembly of bacterial genomes revealed several incomplete nutritional synthesis pathways (see results below). These genes are also commonly lost in other symbioses for which several host loci have been proposed to fill their gaps (e.g., Hansen and Moran, 2011; Luan et al., 2015) . To identify if these genes are also present in O. filicicola, we conducted NCBI-BlastN searches of our total contig library against the recently completed Nilaparvata lugens planthopper genome (Delphacidae; Xue et al., 2014) .
Phylogenomic analyses
Symbiont relationships were inferred with amino acid (AA) sequences in a likelihood-based phylogenomic framework. Gene matrices were assembled for Gammaproteobacteria and Betaproteobacteria, using the Phyloskeleton pipeline (Guy, 2017) . Bacteroidetes (i.e., Sulcia) was not included since extensive systematic work has been completed (see Moran et al., 2005; McCutcheon and Moran, 2007) . Phyloskeleton determines orthologs from a curated list of genomes with HMMER3 (settings: e-value = 0.01, best-match-only; Eddy, 2011) . We limited our genome database to those that are complete. For marker identification, we used a 109 bacterial panortholog gene set included with the pipeline (Bact109.hmm). Gene datasets that did not include target symbionts were excluded (Supporting Information Table S2 ). We further trimmed taxonomic sampling to remove redundancies in commonly sequenced species (e.g., Escherichia coli) and added four outgroup taxa from other Proteobacteria (Supporting Information Tables S3 and S4 ). Each dataset was manually inspected to remove paralogs and spurious gene identifications. Finally, markers were aligned with MAFFT v7 (settings: L-INS-I model; Katoh and Standley, 2013) and regions with questionable homology removed with Trimal v1.4 (Supporting Information Table S1 ; CapellaGutiérrez et al., 2009) .
Phylogenetic reconstructions were initially done with RAxML v8.2.10 in CIPRES (settings: partitioned by gene, k = LG [determined with Protest3], m = PROTCAT, N [bootstraps] = 500; Miller et al., 2010; Darriba et al., 2011; Stamatakis, 2014) . However, this approach is prone to topological errors via long-branch attraction (LBA) between unrelated A + T rich symbiont genomes (Husnik et al., 2011) . To help ameliorate this problem, we recoded AA matrices using the Dayhoff6 model by their biophysical attributes (Dayhoff et al., 1978) . Phylogenetic reconstructions were rerun with RAxML (settings: partitioned by gene, k = GTR, m = MULTIGAMMA, N = 500). Bayesian phylogenies with the recoded gene matrices were also inferred using Phylobayes_MPI v1.7 (settings: cat, gtr, dgam = 4, x = 10), which is robust to LBA reconstruction artefacts (Lartillot et al., 2013) . The method was also implemented in insect symbiont frameworks and has been shown to better break LBA than other available methods (Husnik et al., 2011; Szabó et al., 2017; Weglarz et al., 2018) . Two independent chains were run until parameters converged as determined with tracecomp and bpcomp with a 20% burn-in (e.g., maxdiff < 0.3 and minimum effective size > 50).
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